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Diguanylate cyclases synthesize the second
messenger c-di-GMP, which in turn governs a
plethora of physiological processes in bacteria.
Although most diguanylate cyclases harbor sensory
domains, their input signals are largely unknown.
Here, we demonstrate that diguanylate cyclase
DgcZ (YdeH) from Escherichia coli is regulated
allosterically by zinc. Crystal structures show that
the zinc ion is bound to the 3His/1Cys motif of the
regulatory chemoreceptor zinc-binding domain,
which mediates subunit contact within the dimeric
enzyme. In vitro, zinc reversibly inhibits DgcZ with a
subfemtomolar Ki constant. In vivo, bacterial biofilm
formation is modulated by externally applied zinc in
a DgcZ- and c-di-GMP-dependent fashion. The
study outlines the structural principles of this zinc
sensor. Zinc binding seems to regulate the activity
of the catalytic GGDEF domains by impeding their
mobility and thus preventing productive encounter
of the two GTP substrates.
INTRODUCTION
A key regulatory factor triggering the formation of biofilms in a
multitude of pathogenic and nonpathogenic bacteria is the
second messenger cyclic dimeric GMP (c-di-GMP). The cellular
concentration of c-di-GMP is controlled by two opposing
enzymatic activities: GGDEF domains of dimeric diguanylate
cyclases (DGCs) catalyze the condensation of two GTP
molecules to form the second messenger, whereas the EAL or
HD-GYP domains of c-di-GMP-specific phosphodiesterases
(PDEs) hydrolyze c-di-GMP (Hengge, 2009; Schirmer and Jenal,
2009; Sondermann et al., 2012). Many bacterial genomes
encode dozens of these signaling proteins, the physiological
role of most of them being unknown. For example, the
Escherichia coli K-12 genome encodes 29 proteins that harbor
a GGDEF and/or an EAL domain.
Almost invariably, GGDEF, EAL, and HD-GYP domains are
associated with a wide range of accessory domains (e.g., PAS,Structure 21, 1GAF, HAMP, etc.) that are believed to regulate the enzymatic
activity upon perception of specific input signals (Seshasayee
et al., 2010). However, for most of the c-di-GMP-related
enzymes, the nature of this signal is unknown. The few marked
exceptions are sensors for O2, NO, nucleotides, light- or
quorum-sensing molecules (see Sondermann et al., 2012
and references therein; Deng et al., 2012; Plate and Marletta,
2012; Savakis et al., 2012). The best-studied class of DGCs
are response regulators of two-component systems that are
activated via phosphorylation of an N-terminal receiver (Rec)
domain. For example, activation of the DGC PleD from
Caulobacter crescentus is accomplished by phosphorylation-
induced dimerization of the Rec domains (Chan et al., 2004;
Paul et al., 2007; Wassmann et al., 2007), and it has been pro-
posed that signal-induced dimerization of accessory domains
may regulate many of these enzymes. However, for the well-
studied Rec-GGDEF protein WspR from Pseudomonas sp., the
regulatory mechanism appears less simple (De et al., 2009).
The E. coli DGC YdeH (renamed DgcZ in the following) is a
constitutive dimer and shows diguanylate cyclase activity com-
parable to that of activated PleD (Paul et al., 2007; Boehm et al.,
2009; Za¨hringer et al., 2011). DgcZ is a key regulator of biofilm
formation in E. coli where it controls posttranslationally the
production of the polysaccharide adhesin poly-b-1,6-N-acetyl-
glucosamine (poly-GlcNAc) (Wang et al., 2004; Boehm et al.,
2009). Both dgcZ and the pgaABCD operon, which codes for
the poly-GlcNAc biosynthesis machinery (Wang et al., 2005;
Jonas et al., 2008), are tightly controlled by the RNA binding
protein CsrA (Romeo and Gong, 1993). Although the global Csr
regulon is derepressed by metabolic cues (Chavez et al.,
2010), the signal that activates DgcZ and in turn stimulates the
Pga machinery has remained enigmatic. Also, the N-terminal
domain of DgcZ is hitherto uncharacterized, but belongs to
the recently defined Pfam family PF13682 (Finn et al., 2010)
(Figure S1A available online) identified in more than 1,200
bacterial proteins. The domain occurs mostly as part of bacterial
chemoreceptors involved in chemotaxis (MCPs), whereas the
second largest group comprises DgcZ homologs (Figure S1B).
Zinc binding to the respective domain of the MCP TlpD from
Helicobacter pylori has recently been demonstrated and attrib-
uted to its 3His/1Cys motif (Draper et al., 2011). This domain
was therefore dubbed chemoreceptor zinc binding (CZB); a
name that we also adopt here.149–1157, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1149
Figure 1. Structure of Full-Length DgcZC52A
The N-terminal CZB and the GGDEF domains are colored in green and orange,
respectively. The subunits of the dimer are distinguished by color hue, termini
are indicated. Black lines indicate the noncrystallographic dyads of the CZB
and GGDEF dimer, the magenta line represents a local dyad that would
generate an adjacent dimer in the crystal (omitted for clarity) with a c-di-GMP
molecule on the axis mediating the interaction. Disordered segments are
marked as dashed lines. The zinc ions bound to the CZB domains are depicted
as red spheres. Substrate analog GTPaS molecules are bound to the active
half-sites A and A0 (see also Figure 4A) and to the inhibition sites (Ip and Ip0).
Inset: high-resolution structure of the separated DgcZCZB domain, close-up
view onto the zinc site in monomer B. The zinc-coordinating residues (H22,
C52, H79, and H83) and the conserved residues G54 and W57 are shown in
stick representation. The Fo-Fc omit map for the zinc is contoured at 4 s.
Overall, the domain structure is virtually identical to the CZB dimer of full-
length DgcZC52A.
See also Figures S1, S2, S4, and S6.
Figure 2. Crystal Structure of the Isolated GGDEF Domain of DgcZ
Two subunits are crosslinked symmetrically via a c-di-GMP molecule
(center) that interacts with each active half-site (A, A0). The subunits are
crystallographically related and have (c-di-GMP)2 bound to the inhibition
sites (Ip and Ip
0).
See also Figures S5 and S6.
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Zinc-Sensory Diguanylate CyclaseZn2+ is a transition metal that serves as a cofactor for many
proteins involved in a multitude of metabolic processes. There-
fore, zinc is an essential trace element and all cells possess
efficient zinc uptake systems. However, due to its reactivity as
Lewis acid, it is critical to prevent nonspecific interaction of
zinc with biomolecules (Vallee and Falchuk, 1993). To solve
this problem, zinc-binding proteins from bacteria display a
remarkably high (femtomolar) affinity for the metal, whereas
excess zinc is cleared from the cytoplasm by export systems
(Outten and O’Halloran, 2001). In the majority of Zn2+-binding
proteins, themetal has either a structural or catalytic role. A third,
less abundant class, is zinc-responsive signal transduction
proteins, which are—among other things—responsible for zinc
homeostasis by modulating the expression of zinc exporters
and importers (Hantke, 2005).1150 Structure 21, 1149–1157, July 2, 2013 ª2013 Elsevier Ltd All rigHere, we present the crystal structure of DgcZ in complex
with zinc and show that the metal allosterically inhibits the
enzyme by binding tightly to its CZB domain. We show that
biofilm formation is dependent on DgcZ activity and is modu-
lated by zinc availability. Thus, DgcZ (diguanylate cyclase
sensing zinc) is a bacterial zinc sensor that controls, via the
second messenger cdi-GMP, posttranslational events.
RESULTS AND DISCUSSION
Structure Determination
DgcZ is composed of a catalytic GGDEF domain and an
N-terminal CZB domain of 130 residues. The isolated do-
mains crystallized readily and yielded high-resolution data.
The structure of the N-terminal domain (Figure 1, inset) was
solved by SeMet SAD phasing to 2.2 A˚ resolution, whereas
the GGDEF domain structure in complex with c-di-GMP (Fig-
ure 2) was solved by molecular replacement to 1.8 A˚. Only
poorly ordered crystals were obtained for the full-length
protein. However, a data set extending to 3.9 A˚ resolution
was obtained for mutant C52A in presence of GTPaS. Its
structure shown in Figure 1 was determined by molecular
replacement with the individual domains, which were also
used as structural restraints during refinement. Crystallographic
details are given in Table 1.
Structure of the N-Terminal DgcZCZB Domain
The N-terminal domain is folded to an antiparallel four helix-
bundle (Figures 1 and S4) and is associated to a tight 2-fold
symmetric homodimer. A short second helix is preceded by
segment 38–51 that is disordered in chain A and adopts an
intricate, largely irregular but well-ordered structure in chain
B. This asymmetry is likely due to the distinct crystalhts reserved
Table 1. Crystallographic Data Collection and Refinement
Statistics
DgcZCZB
DgcZCZB-
SeMet DgczGGDEF
Full-Length
DgcZC52A
Data collection
Wavelength (A˚) 0.97914 0.97914 0.97914 0.97914
Space group C2 C2 P62 P61
Cell axes (A˚) a = 121.46,
b = 60.26,
c = 38.46
a = 119.07,
b = 59.04,
c = 37.63
a = b =
79.62,
c = 51.21
a = b =
102.59,
c = 129.16
Angles () b = 99.04 b = 99.12
Resolution (A˚)a 50–2.20
(2.25–2.20)
50–2.55
(2.62–2.55)
50–1.80
(1.90–1.80)
50–3.90
(4.10–3.90)
Unique
reflectionsa
14,022
(1,739)
16,332
(1,159)
17,292
(2,509)
7,085
(1,047)
Redundancy 4.1 4.1 12.5 13.0
Rmerge (%) 6.9 (39.5) 5.6 (14.2) 7.5 (34.6) 13.6 (77.4)
l/s(l)a 14.6 (4.1) 19.1 (10.7) 24.1 (7.6) 13.6(2.7)
Completeness (%) 99.7 (100) 99.0 (100) 100 (100) 99.9 (99.9)
Refinement
Rwork/Rfree (%) 21.1/24.6 16.6/20.1 23.8/24.1
rmsd
Bond length (A˚) 0.012 0.009 0.016
Bond angles () 1.2 1.3 1.0
Atom (n)
Protein 1,844 1,519 4,349
Nucleotides 115 158
Metals 2 1 4
Water 61 140 —
Average B-factor (A˚2)
Protein 33 19 67
Nucleotides — 16 64
Metals 23 30 29
Water 35 26 —
Ramachandran statistics (%)
Favored regions 98.6 99.4 96.4
Allowed regions 1.4 0.6 0.9
PDB codes 3T9O — 3TVK 4H54
aValues in parentheses refer to the highest resolution bin.
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Zinc-Sensory Diguanylate Cyclaseenvironment. Although antiparallel four helix-bundles are a com-
mon supersecondary structure motif, only few structures were
found in the Protein Data Bank (PDB) with significant similarity.
None of these show a shortened a2 helix with a preceding
irregular chain fold.
Zinc-Binding Site
Although no zinc had been added during protein purification or
crystallization, a zinc ion was found bound tightly to each mono-
mer. Apparently the metal had been copurified with the protein.
The identity of the metal was verified by the X-ray fluorescence
spectrum of the crystal (data not shown). The inset to Figure 1
shows that the zinc ion is coordinated tetrahedrally by three
conserved histidines (H22 from helix a1, H79, and H83 fromStructure 21, 1a3) and a conserved cysteine (C52 from a2), thereby crosslinking
three of the four helices.
Residues 19–90 of DgcZ have been assigned to Pfam domain
‘‘CZB’’ (Figure S1A). This domain is characterized by the strict
conservation of the three histidines and the cysteine that
coordinate the zinc ion in DgcZ. Thus, zinc-binding can be
predicted for all family members as suggested previously
(Draper et al., 2011). The structural role of the signature residues
is discussed in the legend to Figure S1B.
Based on the known structures of the MCP signal domain
(Kim et al., 1999) and our CZB structure, a homology model of
the methyl-accepting chemotaxis protein (MCP) TlpD from
H. pylori was built (Figure S2). It shows that the C-terminal helix
of the antiparallel coiled-coil structure of the MCP signal domain
can be extended seamlessly by a1 of the CZB domain. Zinc-
binding to the CZB domain of TlpD may influence the geometry
of the chemoreceptor coils and thus integrate another layer of
control to its previously described energy sensing function
(Schweinitzer et al., 2008).
CZB Dimer
Under the conditions of size exclusion chromatography (SEC)
the CZB-domain is dimeric (Figure S3). This is consistent with
the large monomer-monomer interface (1,280 A˚2) that involves
predominantly apolar side chains forming interdigitated con-
tacts. As in full-length DgcZ (Figure 1), the interface is provided
by the antiparallel helices a1 and a4 that, together with their
symmetry mates, form an antiparallel helix-bundle (Figure S4).
The interface does not extend along the entire length of the
contacting helices. Instead, helix a1 is kinked by 17 at its
center (position 20) and the domains are disengaged toward
the endwhere the chain termini are located (Figure S4). Conspic-
uously, the exposed lateral surfaces of the helices are partly
hydrophobic (L12, L125). As the side chains extend toward
the symmetry axis, it is tempting to speculate that upon zinc
removal, helix a1 becomes straightened and leads to burial
of the apolar side chains, which in turn would influence
DGC activity. This idea is supported by the high degree of con-
servation of the residues that compose these surfaces (Figures
S1 and S4).
Structure of the Catalytic DgcZGGDEF Domain
The structure of the GGDEF domain exhibits the typical fold
of diguanylate cyclases with a central five-stranded b sheet
surrounded by five a helices and shows a root-mean-square
deviation (rmsd) of 1.1 A˚ with 152 Ca-positions of PleD. An addi-
tional b strand is found at the C terminus. Figure 2 shows that,
as in native PleD (1w25), a c-di-GMPmolecule is bound symmet-
rically to the two active half-sites (GTP binding sites) provided
by two GGDEF domains. This corresponds to the situation after
catalysis, when the product is still bound to the dimeric enzyme.
However, with a distance of 35 A˚ between the two domain
N termini (position 130), the structure appears incompatible
with a dimeric CZB stem in full-length DgcZ where the 130–
130 distance is 15 A˚ (Figure 1). Each half-site accommodates
a guanyl base H-bonded to Asn173 and Asp182, analogous to
the situation in PleD (Chan et al., 2004; Wassmann et al.,
2007). The ribose moiety is bound only loosely to the protein,
whereas the a-phosphate makes no contacts at all.149–1157, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1151
Figure 3. DgcZ Activity in the Presence of Zinc Chelator EDTA
Inhibition of wild-type DgcZ (crosses) and DgcZC52A (diamonds) diguanylate
cyclase activity is relieved by zinc sequestration to EDTA. Protein and zinc
concentrations were 0.2 mM. Fitting of the data yielded Kd(DgcZ/Zn
2+) = 3 3
1017 M and Kd(DgcZC52A/Zn
2+) = 2 3 1016 M.
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Zinc-Sensory Diguanylate CyclaseInhibitory Site
Many diguanylate cyclases are thought to be feedback-regu-
lated (Christen et al., 2006; Wassmann et al., 2007). Dimeric,
base-intercalated c-di-GMP acts as an interdomain crosslinker,
thereby preventing the encounter of the active half-sites. This in-
volves a primary inhibition site, Ip, that is located antipodal to the
substrate binding site and shows a widely conserved RxxD
motif. Although the motif is slightly degenerated in DgcZ
to R197xxE, it interacts with (c-di-GMP)2 in the canonical way
(Figures 2 and S5). An additional interaction is observed with
one of the c-di-GMP phosphates and D198 mediated by a
Mg2+ ion. The Ip bound ligand crosslinkswith a symmetry-related
GGDEF domain, but again this arrangement is incompatible
with a dimeric CZB stem. In fact, only weak product inhibition
(Ki z40 mM) has been measured (Boehm et al., 2009). It is
conceivable that the Ip site of DgcZ has a function different
from allosteric product inhibition, e.g., mediating c-di-GMP-
dependent interaction with a yet unknown partner.
Structure of Full-Length DgcZ
Despite the modest resolution of 3.9 A˚, the domain disposition
and the structure of the domain linker in full-length DgcZC52A
are well determined (Figure 1). Full-length DgcZC52A forms a tight
dimer with the subunit contacts mediated mainly by the CZB
domains, in the same way as in the DgcZCZB structure. The rele-
vance of the dimeric state is underscored by the size exclusion
chromatography that indicates a pure dimer (Figure S3) and by
the observation that the specific activity of DgcZ is protein
concentration independent. This is in stark contrast to other
DGCs (e.g., PleD), which exhibit a dynamic monomer-dimer
equilibrium (Paul et al., 2007; Wassmann et al., 2007; Boehm
et al., 2009). The CZB and the GGDEF domains are each related
by noncrystallographic 2-fold axes that are, however, not coin-
ciding, due to distinct and weak interdomain interactions. The
structure of full-length DgcZC52A superimposes closely with the
high-resolution structures of the individual domains (Figure S6).
Despite the absence of the cysteine ligand in this mutant, the
Zn2+-site appears fully occupied. However, helix a2 is disor-1152 Structure 21, 1149–1157, July 2, 2013 ª2013 Elsevier Ltd All rigdered in one of the chains, probably due to the missing C52-
mediated tether to the zinc ion.
DgcZC52A was crystallized in the presence of GTPaS. The
3.9 A˚ electron density at the two active half-sites is compatible
with the nucleotide binding mode in PleD (Chan et al., 2004) (Fig-
ures 1 and 4A). Although the GTPaS molecules are facing each
other across the local dyad, their distance is too far for the cata-
lytic reaction to proceed. Possible implications for a regulatory
mechanism will be discussed below. Monomeric c-di-GMP is
found crosslinking Ip-sites of adjacent dimers within the crystal
lattice across a local dyad (Figure 1). The base is bound to sub-
site g2 (for definition see Figure S5) and in addition a GTPaS
molecule appears to be bound to the g1 subsite. Apparently,
the dinucleotide had been produced from the substrate analog
during crystallization.
Zinc Allosterically Inhibits DgcZ Activity
The discovery of the zinc-binding site in DgcZ prompted us to
analyze its potential influence on enzymatic activity. The enzyme
had been characterized enzymatically before (Boehm et al.,
2009), but naturally no attention had been paid to the presence
of zinc. Therefore, full length DgcZ was incubated with EDTA
(see Experimental Procedures) to yield zinc-free enzyme for
reference. Complete removal of zinc by this treatment was
verified by the PAR assay. Strikingly, after EDTA treatment, the
turnover number was increased by more than 2-fold. Subse-
quent addition of zinc reversed this effect (Figure 3). At nominally
equimolar zinc and protein concentrations the enzyme showed
only residual activity (0.2 min1), which was possibly due to
the presence of some uncomplexed protein as a result of an
underestimated protein concentration. Conversely, the submax-
imal activity of the initial sample was likely due to a significant
fraction of zinc-complexed protein (that fortuitously yielded the
DgcZCZB and full-length DgcZ crystals with their fully occupied
zinc sites).
To obtain the zinc-inhibition constant of DgcZ, we took
advantage of the reversibility of the inhibitory effect. EDTA
was titrated to the fully zinc-loaded enzyme and its enzymatic
activity was determined (Figure 3). Inhibition of DgcZ activity
was relieved significantly only at EDTA concentrations larger
than the enzyme concentration, demonstrating that zinc binds
tighter to DgcZ than to EDTA. Interestingly, inhibition relief
was not linked to a change in the oligomeric state of DgcZ.
The SEC elution volume of the protein (indicative of a dimer)
remained unchanged upon treatment with EDTA. The data
were fitted to the kinetic model of competitive binding (Wang,
1995) under the assumption that the activity is proportional to
the concentration of uncomplexed enzyme. The resulting sub-
femtomolar affinity of DgcZ for zinc (Figure 3) is comparable
to that of other zinc-sensing proteins, such as ZntR and Zur
from E. coli (Outten and O’Halloran, 2001). A subfemtomolar
affinity was estimated also for TlpD, but it was not possible
to remove zinc from TlpD with chelators (Draper et al., 2011).
Whether this difference is due to the high protein concentration
employed (15 mM) or due to distinct kinetics remains to be
seen.
Based on the structural data and based on its high affinity
for zinc, it is safe to attribute zinc binding to the 3His/1Cys motif
of the CZB domain. To get further insight into the relativehts reserved
Figure 4. Mechanistic Model of DgcZ Inhibition by Zinc
(A) Structure of the GGDEF dimer as observed in full-length, zinc-inhibited DgcZ in complex with GTPaS (Figure 1). View along symmetry axis from the top in
Figure 1. Subunits are distinguished by color. The two substrates are not in reacting distance (magenta arrows) explaining the lack of activity.
(B) Model of a catalytically competent GGDEF/GTP dimer. The nucleotide conformation is the same as in (A), but with the a-phosphates in productive orientation.
Relative to the gray domain, the green domain has been shifted into reaction distance to allow intermolecular phosphoester formation (red lines).
(C) Comparison of the zinc-inhibited full-length DgcZ structure (gray, orange) with the competent GGDEF model (green) after superposition of the respective
A-chains (for clarity the GGDEF(A) domain is simplified by a gray ellipse). View approximately perpendicular to the symmetry axis. To allow catalysis, the GGDEF
domain would have to shift from the orange to the green position (red arrows), which, in the full-length zinc-loaded enzyme, would be prevented by the tether with
the CBZ domain (magenta double arrow).
(D and E) Mechanistic model of DgcZ regulation by zinc. (D) Zinc-binding to the CZB domains restrains the conformational space of the GGDEF domains and
prevents productive encounter of the GTP (P-P-P-R-G) substrates. (E) Upon zinc release, the flexibility of the CZB domains is increased and/or the structure
changed, such that ribose and a-phosphate moieties can become juxtaposed and intermolecular phosphoester formation (red line) can ensue.
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Zinc-Sensory Diguanylate Cyclasecontributions of the zinc ligands, mutagenesis was employed.
Strikingly, overexpression of any of the single His / Leu
mutants severely affected bacterial growth, preventing the pro-
duction of sufficient amounts of protein for in vitro work. Such
effect has been reported for mutant DGCs with impaired product
inhibition and can be attributed to toxic effects of c-di-GMP
overproduction (Christen et al., 2006). Thus, we speculate that
the histidine mutants are severely impaired in zinc binding,
resulting in constitutive activity. Indeed, loss of zinc binding
had been reported for TlpD upon mutation of histidines of the
motif (Draper et al., 2011). In contrast, replacing Cys52 with
Ala was tolerated. This is in agreement with the observations
that the zinc affinity of the Cys52Ala mutant is decreased by
only one order of magnitude compared to wild-type (Figure 3),
and the zinc site was found fully occupied in its structure (Fig-
ure 1). Taken together, these experiments demonstrate that
the coordination of zinc by the histidine ligands is necessary
and sufficient for enzyme inhibition. Although not thoroughly
tested, it seems unlikely that the CZB domain can act as a
redox sensor in which oxidation of the cysteine would trigger
its detachment from the zinc site, thereby releasing the zinc
ion and ultimately causing inhibition relief, unless the oxidizedStructure 21, 1cysteine would compete with zinc-binding. This appears unlikely
considering the exquisitely high zinc affinity.
Regulatory Mechanism
DGCs operate efficiently only as dimers, because only then
efficient encounter of the substrate-loaded GGDEF domains is
possible (Schirmer and Jenal, 2009). Thus, activation of diguany-
late cyclases by signal-dependent homodimerization of acces-
sory domains has become one of the paradigms for these
enzymes. In contrast, DgcZ appears to be a constitutive dimer
with the accessory CZB domain mediating the association of
the protomers. Therefore, the question arises whether the
nonproductive arrangement of the two GGDEF domains in the
zinc-inhibited structure with the two active half-sites spaced
apart (Figures 1 and 4A) is fixed by the covalent linkages to the
zinc-complexed CZB domains, and whether zinc removal could
relieve this constraint to allow productive GGDEF encounter.
Unfortunately, the structure of a catalytically competent GGDEF
dimer is not known. Thus, we set out to model its structure in
which the 3-hydroxyl group of each GTP substrate is in proper
juxtaposition with the a-phosphate moiety of the adjacent
substrate. Closer inspection of the GTPaS structure as bound149–1157, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1153
Figure 5. Zinc Modulates Poly-GlcNAc-
Dependent Biofilm Formation via DgcZ
Relevant DgcZ amino acid exchanges and de-
letions of dgcZ or the pgaABCD operon are
indicated throughout. ‘‘H79L H83L’’ indicates the
presence of the ‘‘zinc blind’’ DgcZ variant. ‘‘H79L
H83L E208Q’’ indicates the presence of a DgcZ
variant that is ‘‘zinc blind’’ and enzymatically
inactive. All strains are csrA- to allow expression of
dgcZ and pgaABCD.
(A) Picture of a congo red agar plate after incu-
bation 37C o/n. The intensity of the red channel
has been reduced to enhance contrast and the
picture was sliced into halves to facilitate figure
layout. A bigger version is shown in Figure S7A.
(B) PgaD western blot. PgaD carries a C-terminal
triple-FLAG tag to allow detection with the
monoclonal M2 antibody. This pgaD-allele has
been shown to be fully functional (Boehm et al.,
2009).
(C and D) Biofilm assays. Poly-GlcNAc-dependent
biofilm formation was measured as described in
Experimental Procedures. Increasing concentra-
tions of ZnSO4 are indicated at the bottom of the
panels. Strains in (D) are in addition toDrelADspoT
(ppGpp0). Error bars are SE.
See also Figure S7.
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Zinc-Sensory Diguanylate Cyclaseto PleD (Chan et al., 2004) made us realize that its conformation
is not optimal for the condensation reaction, because the
g-torsion angle (O50-C50-C40-C30) is 60 as opposed to +60
in the c-di-GMP product. Still, the substrate could easily be
converted into a product-like conformation by compensatory
torsional adjustments without disrupting the interactions of
the guanyl and the b,g-phosphate moieties with the enzyme.
The adjusted substrate molecule bound to a GGDEF domain
was then the basis for the assembly of a catalytically competent
GGDEF dimer as shown in Figure 4B. Details of the model will
be published elsewhere.
The transition from the observed nonproductive GGDEF
constellation (Figure 4A) to that of the competent dimer (Fig-
ure 4B) involves a relative translation of the catalytic subunits
by6 A˚, roughly perpendicularly to the symmetry axis with virtu-
ally no change in orientation (Figure 4C). Such a substantial shift
seems impossible under the constraints of a fixed CZB dimer
structure, even when allowing for large conformational changes
in the short domain linkers. Thus, we propose the following
mechanistic model for zinc-mediated regulation of DgcZ (Fig-
ure 4D). Zinc-binding rigidifies the CZB fold by crosslinking
helices a1, a2, and a3. As a result, the C termini of the CZB
dimer attain a relative disposition that considerably restrains
the conformational space of the C-terminal GGDEF domains
and prevents productive encounter of the bound substrates
(Figure 4D). This is reminiscent of the domain immobilization
mechanism in PleD (Chan et al., 2004). Upon zinc removal, the
flexibility of the CZB domain, including the C-terminal a4 helix
is increased and/or the structure changed, such that the two1154 Structure 21, 1149–1157, July 2, 2013 ª2013 Elsevier Ltd All rights reservedGGDEF domains can form a competent
dimer and catalyze the reaction (Fig-
ure 4E). Note that the mechanistic modeldoes not rely on specific interactions between the regulatory and
the enzymatic domain. That specific domain contacts are not
required for DGC activation, was elegantly demonstrated for
an artificial GCN4-GGDEF hybrid protein (De et al., 2009)
and is also the basis of PleD regulation (Chan et al., 2004).
Zinc-Binding to DgcZ Modulates Poly-GlcNAc-
Dependent Biofilm Formation
The biochemical and structural data lend strong support for a
model where zinc-binding to the N-terminal domain of DgcZ
via the 3His/1Cys motif inhibits the protein, whereas zinc disso-
ciation triggers diguanylate cyclase activity. To further test this,
a series of in vivo experiments were performed. DgcZ controls
the production of poly-GlcNAc (Boehm et al., 2009). This can
be assessed with the help of biofilm assays, or on LB agar plates
containing the poly-GlcNAc-binding dye, congo red. A strain
harboring a wild-type copy of dgcZ shows intermediate congo
red binding, whereas a DdgcZ or an active site mutant (E208Q)
showed diminished red coloring (Figure 5A). When the native
chromosomal copy of dgcZ was mutated to encode a ‘‘zinc-
blind’’ enzyme with two of the zinc-coordinating histidines
replaced (H79L/H83L), the resulting strain formed hyperaggre-
gative, small colonies that bound copious amounts of the dye.
Congo red binding was entirely dependent on the presence of
the pgaABCD operon, whereas the small colony phenotype
caused by the zinc-blind dgcZ allele could only be partially
reversed in a pga deletion strain. A dgcZ triple mutant, harboring
both the zinc-binding mutations and the lesion in the active site
(H79L/H83L/E208Q) displayed the same phenotype as either the
Structure
Zinc-Sensory Diguanylate CyclaseDdgcZ or the single E208Q mutant, i.e., neither congo red
binding nor a small colony phenotype. This demonstrated that
both processes depend on DgcZ catalytic activity and that
DgcZ is not saturated with zinc, when cells are cultured in stan-
dard LB medium.
In vivo, the levels of PgaD and c-di-GMP correlate (Boehm
et al., 2009). The inner membrane protein PgaD associates
with the glycosyl-transferase PgaC and is implicated in c-di-
GMP-mediated, allosteric activation of poly-GlcNAc production.
PgaD is stabilized at high intracellular c-di-GMP levels leading to
higher steady-state protein levels under these conditions
(Steiner et al., 2012). Therefore, PgaD levels can be taken as a
proxy for the c-di-GMP concentration in the cell. Deletion of
dgcZ or mutation of its active site leads to diminishment of
PgaD (as shown before) (Boehm et al., 2009), whereas expres-
sion of the zinc-binding mutant H79L/H83L displayed much
higher PgaD levels compared to a strain harboring wt DgcZ
(Figure 5B). Elevated PgaD levels of the histidine double mutant
were fully dependent on an intact active site, because the DgcZ
triple mutant behaved like a dgcZ deletion or active site negative
allele. Thus, these experiments mirror the results obtained with
the agar plate tests. Taken together, this strongly suggests
that disruption of zinc-binding in DgcZ results in maximal c-di-
GMP production, which in turn (1) stabilizes PgaD, (2) activates
poly-GlcNAc production and thereby biofilm formation, and (3)
causes some poly-GlcNAc independent aggregation or toxic
effect.
Next it was tested whether alteration of the ambient zinc
concentration could modulate DgcZ activity. Regular LB
medium contains zinc in the low mM range (Outten and O’Hal-
loran, 2001). We reasoned that addition of zinc to LB might
lead to increased intracellular zinc, despite the presence of
zinc-excretion mechanisms, and might lead to DgcZ inhibition.
Indeed, upon addition of high levels of zinc to the medium, a
strain harboring wild-type DgcZ displayed a marked decrease
in biofilm formation (Figure 5C), whereas the H79L/H83L variant
displayed constitutively high biofilm and PgaD levels. Because
the biofilm values of the dgcZ+ strain in the presence of high
zinc reached approximately the same values as observed for
the DdgcZ strain, it appears that the presence of large amounts
of zinc in the medium is sufficient to abrogate DgcZ activity.
In earlier work, we noticed that a strain devoid of the alarmone
guanosine-tetra-phosphate (ppGpp) produced significantly
more biofilm, compared to a ppGpp+ strain (Boehm et al.,
2009). Strikingly, in the ppGpp0 strain, zinc exerted its effects
at markedly lower concentrations compared to the ppGpp+
strain, with almost complete biofilm inhibition at 200 mM added
zinc and significant inhibition already at 25 mM zinc (Figure 5D).
Thus, despite showing stronger biofilm production in the
absence of added zinc, the ppGpp0 strain is hypersensitive to
zinc. As expected, neither the DdgcZ nor the dgcZ(H79L/H83L)
strain responded to zinc, but showed constitutively low or
high biofilm formation, respectively. Zinc-mediated inhibition of
biofilm formation could also be overcome by the ectopic expres-
sion of an alternative DGC (dgcA fromC. crescentus), confirming
that zinc affects biofilm formation via c-di-GMP (Figure S7B). It is
not clear why biofilms formed by the ppGpp0 strain are hyper-
sensitive to zinc, but the strain may experience perturbed zinc
homeostasis, leading to stronger accumulation of the metalStructure 21, 1upon external addition. In fact, ppGpp is known to influence
the expression of several zinc transporters (Traxler et al.,
2008). Irrespective of the molecular basis of this effect, the
experiments above clearly demonstrate that DgcZ can respond
to external zinc fluctuations to control poly-GlcNAc-dependent
biofilm formation.
DgcZ is highly conserved across genomes of commensal and
pathogenic E. coli. What could be its physiological function?
The zinc levels within different niches of the host can vary greatly.
For example, zinc concentrations in the urine or plasma are
high (>15 mM), whereas the levels in the intestine or within host
cells are low (Vallee and Falchuk, 1993). Thus, it is tempting to
speculate that E. coli uses zinc-sensing to gain information
about the host niche and form biofilms only in certain environ-
ments. For example, it is conceivable that the intracellular bio-
films formed by uropathogenic E. coli in bladder epithelial cells
(Anderson et al., 2003) may be induced by elevated DgcZ
activity upon transition from the zinc-rich bladder lumen into
the zinc-depleted bladder cell cytosol.
EXPERIMENTAL PROCEDURES
Crystallography
Detailed methods for protein expression, purification, crystallization, and
structure determination are described in the Supplemental Experimental
Procedures. Briefly, the structure of DgcZCZB/Zn
2+ was determined by
SeMet-SAD phasing and refined to 2.2 A˚. The structures of the DgcZGGDEF/
c-di-GMP and the full-length DgcZC52A/GTPaS/Mg
2+/c-di-GMP/Zn2+ com-
plexes were determined by molecular replacement 1.8 A˚ and 3.9 A˚, respec-
tively. Full crystallographic data are given in Table 1.
Zinc-Binding Competition between DgcZ and EDTA
Diguanylate cyclase activity of DgcZ was measured with a pyrophosphate
coupled assay as published (Chan et al., 2004). The reactionmixture contained
an equal concentration (0.2 mM) of zinc-free DgcZ and ZnCl2, 50 mM Tris HCl
pH 8.0, 50 mM NaCl, 5 mMMgCl2, 500 mU/mL pyrophosphatase (Sigma) and
varying concentrations (0.1 nM–1 mM) of EDTA. The reaction was started by
substrate addition (100 mM GTP) and stopped after varying incubation times
by transfer into the molybdate/malachite green phosphate detection solution.
Absorption at 630 nm was measured after 10 min of incubation and converted
to phosphate concentration according to a calibration curve. Because the
experiments were performed under substrate saturation condition, the
apparent turnover number is given by kcat(app) = vmax/[DgcZ], with vmax = vinit.
Assuming that only uncomplexed (zinc-free) enzyme (DgcZapo) is active
(true turnover number kcat), vmax is given by kcat 3 [DgcZ
apo]. Thus, kcat(app)
is proportional to [DgcZapo], which allows to model the data of the zinc-binding
competition experiment between DgcZ and EDTA according to (Wang, 1995).
Kd,EDTA was set to 4.8 3 10
16 M (Anderegg, 1977), whereas Kd,DgcZ was
obtained from the fit to the data.
Zinc-Binding Assay
To control the release of zinc fromDgcZ after treatment with EDTA, the amount
of zinc bound to the protein wasmeasuredwith a PAR assay (Hunt et al., 1985).
In short, 5 mM DgcZ was incubated in 6 M guanidinium hydrochloride, 50 mM
Tris-HCl, pH 8.0, and 0.5 mMmethylmercury(II)acetate for 16 hr. After addition
of 100 mM 4-(2-pyridylazo)resorcinol (PAR), the absorption at 495 nm was
measured. The zinc content was quantified with a ZnCl2 standard.
Bacterial Strains
Strains and their genotypes are listed in Table S1. All strains were constructed
by standard P1-transductions and lRED-mediated recombineering. To
construct chromosomal point mutations, the dgcZ gene was first replaced
with a counterselectable marker, which was in turn replaced with a PCR-
generated version carrying the desired mutations (see Table S2 for primers).
All constructs were confirmed by sequencing. For more details, see the149–1157, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1155
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Zinc-Sensory Diguanylate CyclaseSupplemental Experimental Procedures and Boehm et al. (2009). All mutations
were initially introduced into a strain, which does not express dgcZ under
laboratory conditions. To allow expression of dgcZ from its native promoter
as well as expression of the pgaABCD operon, the CsrA gene was deleted
in this strain background.
Biofilm Assays
Surface-attached biomass normalized to total cell density was used as
a measure for bacterial biofilm formation in liquid culture as described before
(Boehm et al., 2009). In brief, bacteria were diluted into LBmedium (containing
ZnSO4 when appropriate) in a 96-well plate and incubated statically at 30
C
for 24 hr. Cell density was recorded, the supernatant discarded, and wells
were rinsed. After drying, remaining biomass was stained with crystal violet,
plates were rinsed again, the retained crystal violet was dissolved in 20%
acetic acid and the OD600 determined. Normalized biofilm values are ratios
of crystal violet readings divided by cell density. Error bars are SEM derived
from at least three measurements. To estimate the production of poly-GlcNAc
by colonies, congo red agar plates were used. Congo red (10%) in H20 was
mixed with liquid LB agar and plates were poured immediately. Plates were
photographed with a standard digital photo camera and red color intensity
of the pictures was decreased with the help of Adobe Photoshop software.
Immunoblots
Bacteria expressing the pgaD-3xFLAG allele were cultured as for biofilm
assays. Six wells were pooled and adjusted to the same optical density.
Samples were boiled in SDS-sample buffer for 5 min, and gel electrophoresis
and blotting were carried out according to standard protocols. A mouse
monoclonal anti-M2 antibody and HRP-conjugated rabbit anti-mouse
(DakoCytomation) were used at 1:10,000 dilutions. Blots were developed
with an ECL Kit and documented with an ImageQuant LAS 4000 (GE Health-
care) Gel doc system.
ACCESSION NUMBERS
The atomic coordinates and structure factors have been deposited in the
Protein Data Bank under accession numbers 3T9O (DgcZCZB), 3TVK
(DgcZGGDEF), and 4H54 (full-length DgcZC52A).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.str.2013.04.026.
ACKNOWLEDGMENTS
We thank Timm Maier for expert crystallographic assistance. This work was
supported by DFG grant BO3733/1-1 and the LOEWE program of the state
of Hesse (to A.B.) and by SNF grants 31003A_138414 (to T.S.) and
31003A_130469 (to U.J.). A.B. gratefully acknowledges support from Jo¨rg
Vogel (IMIB, Wu¨rzburg, Germany). F.Z., T.S., U.J., and A.B. designed the
research. F.Z., E.L., and A.B. performed the research. T.S. analyzed the
data. F.Z., T.S., U.J., and A.B. wrote the manuscript.
Received: January 29, 2013
Revised: April 30, 2013
Accepted: April 30, 2013
Published: June 13, 2013
REFERENCES
Anderegg, G. (1977). Critical Survey of Stability Constants of EDTAComplexes
(London: Pergamon Press).
Anderson, G.G., Palermo, J.J., Schilling, J.D., Roth, R., Heuser, J., and
Hultgren, S.J. (2003). Intracellular bacterial biofilm-like pods in urinary tract
infections. Science 301, 105–107.1156 Structure 21, 1149–1157, July 2, 2013 ª2013 Elsevier Ltd All rigBoehm, A., Steiner, S., Zaehringer, F., Casanova, A., Hamburger, F., Ritz, D.,
Keck, W., Ackermann, M., Schirmer, T., and Jenal, U. (2009). Second
messenger signalling governs Escherichia coli biofilm induction upon ribo-
somal stress. Mol. Microbiol. 72, 1500–1516.
Chan, C., Paul, R., Samoray, D., Amiot, N.C., Giese, B., Jenal, U., and
Schirmer, T. (2004). Structural basis of activity and allosteric control of digua-
nylate cyclase. Proc. Natl. Acad. Sci. USA 101, 17084–17089.
Chavez, R.G., Alvarez, A.F., Romeo, T., and Georgellis, D. (2010). The
physiological stimulus for the BarA sensor kinase. J. Bacteriol. 192, 2009–
2012.
Christen, B., Christen,M., Paul, R., Schmid, F., Folcher, M., Jenoe, P., Meuwly,
M., and Jenal, U. (2006). Allosteric control of cyclic di-GMP signaling. J. Biol.
Chem. 281, 32015–32024.
De, N., Navarro, M.V., Raghavan, R.V., and Sondermann, H. (2009).
Determinants for the activation and autoinhibition of the diguanylate cyclase
response regulator WspR. J. Mol. Biol. 393, 619–633.
Deng, Y., Schmid, N., Wang, C., Wang, J., Pessi, G., Wu, D., Lee, J., Aguilar,
C., Ahrens, C.H., Chang, C., et al. (2012). Cis-2-dodecenoic acid receptor
RpfR links quorum-sensing signal perception with regulation of virulence
through cyclic dimeric guanosine monophosphate turnover. Proc. Natl.
Acad. Sci. USA 109, 15479–15484.
Draper, J., Karplus, K., and Ottemann, K.M. (2011). Identification of a chemo-
receptor zinc-binding domain common to cytoplasmic bacterial chemorecep-
tors. J. Bacteriol. 193, 4338–4345.
Finn, R.D., Mistry, J., Tate, J., Coggill, P.C., Heger, A., Pollington, J.E., Gavin,
O.L., Gunasekaran, P., Ceric, G., Forslund, K., et al. (2010). The Pfam protein
families database. Nucleic Acids Res. 38(Database issue), D211–D222.
Hantke, K. (2005). Bacterial zinc uptake and regulators. Curr. Opin. Microbiol.
8, 196–202.
Hengge, R. (2009). Principles of c-di-GMP signalling in bacteria. Nat. Rev.
Microbiol. 7, 263–273.
Hunt, J.B., Neece, S.H., and Ginsburg, A. (1985). The use of 4-(2-pyridylazo)
resorcinol in studies of zinc release from Escherichia coli aspartate transcarba-
moylase. Anal. Biochem. 146, 150–157.
Jonas, K., Edwards, A.N., Simm, R., Romeo, T., Ro¨mling, U., and Melefors, O.
(2008). The RNA binding protein CsrA controls cyclic di-GMP metabolism by
directly regulating the expression of GGDEF proteins. Mol. Microbiol. 70,
236–257.
Kim, K.K., Yokota, H., and Kim, S.H. (1999). Four-helical-bundle structure
of the cytoplasmic domain of a serine chemotaxis receptor. Nature 400,
787–792.
Outten, C.E., and O’Halloran, T.V. (2001). Femtomolar sensitivity of metallore-
gulatory proteins controlling zinc homeostasis. Science 292, 2488–2492.
Paul, R., Abel, S., Wassmann, P., Beck, A., Heerklotz, H., and Jenal, U. (2007).
Activation of the diguanylate cyclase PleD by phosphorylation-mediated
dimerization. J. Biol. Chem. 282, 29170–29177.
Plate, L., and Marletta, M.A. (2012). Nitric oxide modulates bacterial biofilm
formation through a multicomponent cyclic-di-GMP signaling network. Mol.
Cell 46, 449–460.
Romeo, T., and Gong, M. (1993). Genetic and physical mapping of the regula-
tory gene csrA on the Escherichia coli K-12 chromosome. J. Bacteriol. 175,
5740–5741.
Savakis, P., De Causmaecker, S., Angerer, V., Ruppert, U., Anders, K.,
Essen, L.-O., and Wilde, A. (2012). Light-induced alteration of c-di-GMP
level controls motility of Synechocystis sp. PCC 6803. Mol. Microbiol. 85,
239–251.
Schirmer, T., and Jenal, U. (2009). Structural and mechanistic determinants of
c-di-GMP signalling. Nat. Rev. Microbiol. 7, 724–735.
Schweinitzer, T., Mizote, T., Ishikawa, N., Dudnik, A., Inatsu, S., Schreiber, S.,
Suerbaum, S., Aizawa, S.-I., and Josenhans, C. (2008). Functional character-
ization and mutagenesis of the proposed behavioral sensor TlpD of
Helicobacter pylori. J. Bacteriol. 190, 3244–3255.hts reserved
Structure
Zinc-Sensory Diguanylate CyclaseSeshasayee, A.S.N., Fraser, G.M., and Luscombe, N.M. (2010). Comparative
genomics of cyclic-di-GMP signalling in bacteria: post-translational regulation
and catalytic activity. Nucleic Acids Res. 38, 5970–5981.
Sondermann, H., Shikuma, N.J., and Yildiz, F.H. (2012). You’ve come a long
way: c-di-GMP signaling. Curr. Opin. Microbiol. 15, 140–146.
Steiner, S., Lori, C., Boehm, A., and Jenal, U. (2012). Allosteric activation of
exopolysaccharide synthesis through cyclic di-GMP-stimulated protein-pro-
tein interaction. EMBO J. 32, 354–368.
Traxler, M.F., Summers, S.M., Nguyen, H.-T., Zacharia, V.M., Hightower, G.A.,
Smith, J.T., and Conway, T. (2008). The global, ppGpp-mediated stringent
response to amino acid starvation in Escherichia coli. Mol. Microbiol. 68,
1128–1148.
Vallee, B.L., and Falchuk, K.H. (1993). The biochemical basis of zinc physi-
ology. Physiol. Rev. 73, 79–118.
Wang, X., Dubey, A.K., Suzuki, K., Baker, C.S., Babitzke, P., and Romeo, T.
(2005). CsrA post-transcriptionally represses pgaABCD, responsible forStructure 21, 1synthesis of a biofilm polysaccharide adhesin of Escherichia coli. Mol.
Microbiol. 56, 1648–1663.
Wang, Z.X. (1995). An exact mathematical expression for describing compet-
itive binding of two different ligands to a protein molecule. FEBS Lett. 360,
111–114.
Wang, X., Preston, J.F., 3rd, and Romeo, T. (2004). The pgaABCD locus of
Escherichia coli promotes the synthesis of a polysaccharide adhesin required
for biofilm formation. J. Bacteriol. 186, 2724–2734.
Wassmann, P., Chan, C., Paul, R., Beck, A., Heerklotz, H., Jenal, U., and
Schirmer, T. (2007). Structure of BeF3- -modified response regulator PleD: im-
plications for diguanylate cyclase activation, catalysis, and feedback inhibi-
tion. Structure 15, 915–927.
Za¨hringer, F., Massa, C., and Schirmer, T. (2011). Efficient enzymatic produc-
tion of the bacterial second messenger c-di-GMP by the diguanylate cyclase
YdeH from E. coli. Appl. Biochem. Biotechnol. 163, 71–79.149–1157, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1157
